Recently developed lightweight dynamic cone penetrometer was successfully applied to investigate spatial variability of in-situ strength of Masado profiles in Hiroshima prefecture, Japan. Six patterns were identified based on the penetration resistance varying with the depth. Fairly good correlations were developed between penetration resistances obtained by lightweight dynamic cone penetrometer and portable dynamic cone penetrometer. Spatial variability analyses conducted on different grid spaces showed that the coefficient of variance of cone resistance varies from 0 % to 40 %. Semi-variogram analyses showed that the Spherical Models could be used for representation of spatial autocorrelation of Masado profiles.
INTRODUCTION
Masado soils exhibit a complex degree of variability in space. Advances in quantifying spatial variance of soil properties of Masado profiles is recently drawn attention due to the significance in analyzing slope failures in Hiroshima Prefecture. Presently, 32,000 natural slopes are found to be susceptible to landslide disasters in Hiroshima Prefecture, the highest number of any prefecture in Japan 1) ,2) . Failure of these unstable slopes not only puts the lives and properties at risk, but also has adverse effects on day-to-day activities in the region. The present regional risk assessment system, which was developed by the prefectural government of Hiroshima thoroughly based on rainfall data and past records of failures, is not adequate for correct prediction of failures in the region 3) . Therefore, this study was proposed to enhance the present risk assessment system by incorporating strength properties of Masado soils for better prediction of slope failures under intense precipitation in the region 3) . This paper elaborates the spatial variability of Masado profiles, a part of work carried out under the present project.
Due to differential weathering processes over the years, Masado profiles exhibit erratic weathering fronts with varying material properties spatially 4), 5) . Particle size analyses showed that Masado mainly consists of sand particles (50-80%) with considerable amount of gravel particles (10-30%) and a little fraction of fine particles (<10%). In order to accurately model the spatial variability of in-situ strength properties of Masado profiles, one must obtain a large number of test data. Due to economical reasons and practical constraints over conventional in-situ measuring devices, it is impossible to get exhaustive values of data at every desired point. Also, carrying out a large number of laboratory tests for determination of strength properties is practically uneconomical. One solution to overcome such difficulties is to use a sound measuring instrument, which must have low in-situ test variability 6) .
Recently, a lightweight dynamic cone penetration test (LWDCPT) device was developed for the purpose of quality control of embankments and proved its reliability in France and some Europe countries 7) . Present study led to investigate the applicability of newly developed LWDCPT for evaluation of spatial variability of strength properties of Masado slopes. Widely used standard penetration test (SPT), and portable dynamic cone penetration test (PDCPT) in which a 25 mm diameter cone is penetrated by a blow of free fall of 5 kg weight and the blow count N d for 10cm penetration is measured were also carried out at limited site locations in order to compare the performance characteristics with the recently developed LWDCPT and to make cross relationships among the penetration resistances. Variability of cone resistance in Masado profiles was achieved with simple statistical methods available in the literature. In addition, the present study was extended to apply geostatistics, especially semi-variograms to model the Masado profiles spatially.
(1) Lightweight dynamic cone penetrometer and portable dynamic cone penetrometer LWDCPT has been designed and developed in France since 1991 7), 8) . The schematic view of LWDCPT device is shown in Fig.1 . It weighs 20 kg, and can be operated by one person at almost any location to a depth of 6 m. It mainly consists of an anvil with a strain gauge bridge, central acquisition unit (CAU), and a dialogue terminal (DT). The hammer is a non-rebound type and weighs 1.73 kg. The stainless steel rods are 14 mm in diameter and 0.5 m in length. Cones of 2, 4, and 10 cm 2 in area are available, and a cone holder is used to fix the 2cm 2 cone to the rod 9) .
The blow from the hammer to the anvil provides energy input, and a unique microprocessor records the speed of the hammer and depth of penetration. The dynamic cone resistance (q d ) is calculated from the modified form of Dutch Formula 10) , as shown in Eq.(1). It should be noted that the expression for energy used in this formula (½MV 2 ) is for kinetic energy, as the energy input is variable and delivered manually by the blow of the hammer. On the screen, dialogue terminal displays not only real time data both graphically and in tabular form but also dynamic cone resistance and penetration depth. o 90
where: o 90 x = penetration due to one blow of the hammer by 90ْ cone, A = area of the cone, M = weight of the striking mass, P = weight of the struck mass, and V = speed of the impact of the hammer.
Portable dynamic cone penetration test (PDCPT), commonly known as 'Simple Penetration Test', is widely used in Japan as a practical substitution for standard penetration test (SPT). The configuration diagram of PDCPT is shown in Fig.2 .
Due to simplicity of the apparatus, it has been widely used in many geotechnical engineering applications. It consists of a guide rod, a series of rods, hammer, and a cone. The upper part of the guide rod is 35 cm in length. All other rods are 50 cm in length and 16 mm in diameter. Cone, which is 60ْ, is 25 mm in diameter. Hammer, which weighs 5 kg, is dropped along the guide rod from 50 cm above the knocking head called a 'blow'. The number of blows (N) and driven depth (d) is recorded usually at 10cm penetration intervals. The number of blows required for 10 cm penetration is referred as N d . If this condition is not met, N d is calculated using Eq.(2) 11) .
(Striking mass) 
One correlation is available between q d and N d for clayey soils. The relationship is given below 8), 12) .
However, none of these correlations cannot be readily applied to the Masado soils. As Authors aware of , there are no records in the literature in presenting the cone resistance q d , obtained by LWDCPT in terms of SPT N value or N d .
IN-SITU INVESTIGATION, ANALYSIS, AND RESULTS
Field investigation was carried out on Masado slopes at selected locations in Hiroshima prefecture, Japan as shown in Fig.3 . The major part of the investigation was carried out using the newly developed LWDCPT at Ikeno-ue situated on the northern slope of Gagara Mountain located about 800 m east of the academic area of the Hiroshima University as shown in Fig.4 . Two site locations from district of Asakita, three locations from districts of Saeki and Miyajima, and four locations from district of Kure were subjected to the in-situ investigation. The locations in each district are shown in Fig.3 . In addition, PDCPTs were conducted at selected points in the site. PDCPTs and SPTs were conducted at selected locations in Asakita, Saeki, Kure, and Miyajima.
(1) Geological history and investigation plan at Ikeno-ue, Gagara Mountain Ikeno-ue, situated on Gagara Mountain shown in Fig.4 , underwent a major landslide due to heavy rainfall on June 29 th , 1999 13), 14) . Topographically, slopes in the Gagara Mountain ranges from 10ْ ْ ْ to 40ْ , and overburden thickness varies from a few centimeters to several meters, depending on the topography 15) . The slope is basically composed of two layers; the top layer has silty sand with considerable amount of gravel, about 3.3 m in depth underlain by weathered granite 13) . Due to abundant of precipitation and adverse settings of granitic rock structures in the area, weathering had been taken place over the years, The research area, Ikeno-ue, is divided into two sections namely Site A, and Site B, either side of the slope failure. Site A is steeper planer slope while Site B is in a valley and belonging to larger catchment area. Some undulating topography can be seen in the site B. The local ridge at site B was subjected to most of the work carried out in present research. A grid was established, having 5 m intervals and spanning 50 m in length and 20 m in width at a selected location in site B. Grid nodes, altogether 55, were numbered from a-1 to e-11 as shown in Fig.5 . A series of Lightweight dynamic cone penetration tests was conducted at each node in order to examine the spatial variability of the site and to examine the cone resistance of different materials encountered along the profile. Based on the preliminary analysis of 5 m grid data, the in-situ investigation was extended to carryout LWDCPTs at 2. A series PDCPTs was conducted simultaneously with LWDCPTs in order to account for similar ground and weather conditions at selected grid points. The variation of cone resistance before and after the rainfall was investigated at selected locations in few occasions and is presented later in this paper. Following subsections summarized the findings of the data collected under this study.
(2) Preliminary data analysis and classification of profiles The data collected from 55 nodes were statistically analyzed, and the average cone resistance in 50 mm intervals was calculated. Each location was graphically presented and further analysis was carried out to examine the possible similarities within the data sets. It was observed that most of the soundings could be fitted into six patterns based on the trend of variation in cone resistance with depth. For the convenience of future studies and analyses, patterns were numbered from 'A' to 'F' and are graphically illustrated in Fig.7 . The characteristics of each pattern are discussed below.
• Pattern A: This category shows a gradual increase of penetration resistance with depth. The cone resistance increases from 1 MPa (at about 0.1 m depth) to 5 MPa (at about 5 m depth). These profiles show a comparatively thick weathering front over the fresh rock.
(a) (b) (c) Significant variations of penetration resistance at some stages of depth were observed in the most of the soundings recorded at the site. The high variation of penetration resistance may be due to encountered of un-weathered remnants such as gravels or cobbles in the profile. This can be clearly observed in the photograph of the trench and sketch shown in Fig.8 1) , 13) . The contact of the cone on gravels and/or cobbles may result in quick variation of penetration resistance and as a result, local variation can be observed within a single sounding. The deep penetration can be occurred through joints presence in the moderately and slightly weathered rocks of granite. This may be one of the reasons that some soundings showed comparatively thicker profiles than others even within same pattern.
b) Land forms and patterns
The results of the preliminary LWDCPTs were observed to be agreed well with the local geo-morphological conditions at the site. Pattern F terns classified. The soundings which were not fitted to the proposed six categories are illustrated "None" in Fig.5 . The areas represented by patterns A and B, where higher penetration resistance was observed, illustrate thick weathering fronts. Due to high penetration resistance throughout the depth, the profiles of patterns A, and B seem to be stable under any changes to the ground condition. The thicknesses of the weathering profiles of pattern C are about 2 m deep, and represent the middle area of the site. Even though, pattern D illustrates significantly thicker overburden that may be due to accumulation of transported soils from the upper areas. Some locations of patterns D and E (d-9, d-10, c-10, c-11), where comparatively low values were recorded, had been undergone local failures and are found to be in a local hollow. The locations, which represent pattern F, consisted of moderately weathered outcrops in the vicinity, and hence shallow profiles were observed. 
As authors aware of, there are no records available in the literature in correlating q d with N d for Masado soils. With the availability of the new relationship, it is quite easier for cross relations between other penetration resistances.
(4) Comparison of performance on LWDCPT and PDCPT One of the objectives of this study was to find an efficient field instrument that can measure in-situ strength of soils to a reasonable accuracy. Standard penetration test (SPT) which, is being widely used for subsurface exploration is expansive, time consuming and cannot be instrumented slopes with higher gradients. Other conventional type cone penetrometers cannot be successfully applied for Masado slopes due to many practical shortcomings. PDCPT, which is being used widely in Japan as a practical substitution for SPT became more popular in investigating slopes even with adverse topographical conditions due to its simplicity of handling.
Following subsections describe the practical performance of both LWDCPT and PDCPT in completing a typical site characterization activity. Both LWDCPT and PDCPT devices reduce cost and time. In addition to those facts, both can be instrumented in adverse topographical conditions and the disturbance to the environment is low. However, LWDCPT has following advantages over PDCPT. 1) The number of persons required for LWDCPT is less. One person can be handled the instrument at almost any location. 2) It facilities real time data displaying while in operation. This facility provides image to the investigator about subsurface material conditions and to decide the additional tests required at the site itself.
3) The least count of recording the data is 0.1 MPa.
However, up to .01 MPa displays in the screen. This is good enough for determination of cone resistance in weak soils. Unlike in other in-situ tests, LWDCPT provides more reliable measurements even at thin weak layers due to continuous recording of data to a greater accuracy. 4) The human errors can be avoided in LWDCPT as it operates in variable energy input given by the hammer. 5) Due to the availability of "hand protection" as equipped with the Anvil, the possibility of an injury by the hammer is very less.
(5) Analysis of other site data The selected four locations: Miyajima, Saeki, Asakita, and Kure, and Gagara Mountain can be classified geologically similar as all these places are covered with remnants of heavily weathered granitic rocks. Therefore, the developed relationships for Gagara Mountain were used to analyze the data of four locations. The PDCPT data collected from 54, 59, 63, and 94 in-situ test locations of Miyajima, Saeki, Asakita, and Kure districts were reanalyzed using Eq.(7). The calculated q d -depth relationship of each sounding was compared with the six patterns identified at Gagara Mountain. Some of reanalyzed soundings with corresponding patterns are demonstrated in Fig.10 . Also, N d -depth relationship is shown in the same penetrogram. It was observed that the most of the soundings could be fitted into the proposed six patterns. Based on the analyses, it can be stated that the strength-depth relationship of most of the Masado profiles can be classified into one of the six patterns established, to a reasonable accuracy. Fig.11 illustrates the distribution of patterns in each district. Most of the in-situ test locations of Kure and Asakita showed comparatively shallow profiles (<2.0 m) and hence majority of soundings were identified as the trend of patterns C, D, E, and F. Penetrograms fitted to patterns A, and B of those locations were less than 15% of the total points investigated. Saeki and Miyajima showed significantly higher percentage of soundings identified as patterns A, and B than that of Kure and Asakita. However, most of the penetrograms in Saeki and Miyajima, which showed shallow profiles, were identified as patterns D, E, and F. This analysis revealed that the six categorization of Masado profiles identified at Gagara Mountain can be successfully applied to other locations.
Data collected from PDCPTs and SPTs from the above site locations were statistically analyzed. Since the N d data showed much scatter for a particular SPT N value, statistical analysis was conducted to remove the outliers within the data set. The statistically treated data were presented in the Fig.12 . A fairly good linear relationship was established between N d and SPT N value as shown in Eq. (8) . As the developed correlation was based on the data collected from limited locations of Masado slopes, the relationship can be verified or further modified with the availability of more data. The cross relation between SPT N value and q d can be developed simulating Eq. (7) 
VARIABILITY OF CONE RESISTANCE
In general, soils are inherently heterogeneous and their properties varying with the space. Masado soils also showed wide variable of properties 4),5) . Although some researches 1),5),13) had been conducted on Masado profiles, a quantitative measure of spatial variability in terms of statistical measures has not been published well in the past literature. This research aimed to understand the spatial variability of cone resistance at different grid spaces. The scatter of the data in each case was presented in terms of coefficient of variance (COV). COV measures the degree into which the set of data varies and often refers as relative standard deviation. The mathematical formula is shown in Eq. (10) .
where: σ is standard deviation, and X is the mean.
(1) Statistical analysis of 5 m grid data Data, which belong to each pattern as demonstrated in Fig.5 , were statistically analyzed in order to find the variability of cone resistance varies along the depth and within the each categorization. Fig.13 illustrates the variability of cone resistance within each pattern.
COV of pattern A is about 20% through out the profile depth and the rest of patterns show slightly higher variability. Pattern B shows the highest variation of COV (up to 40%), may be due to high variability of cone resistance varies within the small range of depth. However, the COV at most of the depth of all patterns is about 20% and the high variability at some depth levels may be due to encountering of partially weathered or un-weathered materials.
(2) Statistical analysis of 1 m grid data
One location from each category, except from pattern F, was selected for carrying out 1 m spacing in-situ LWDCPTs. The selected locations were e-2, b-3, b-7, c-10, and d-9 from patterns A to E respectively. Fig.14 illustrates the statistically treated soundings and COV of each location along the soil profiles. Based on the analyses following conclusions were drawn.
It can be clearly seen that the cone resistance of patterns A, B, and D, where the COV is about 20% throughout the profiles, varies less than those of patterns C, and E. Pattern C illustrates considerably scattered data up to 1.0 m depth, and less COV of other depths. The scatter of the cone resistance data is higher (COV 40%) in pattern E, and may be due to encountered of gravels or small cobbles in the soil profiles. Hence, most of the soundings implicate geotechnically reasonable variance, the variability of cone resistance in 1 m proximity can be approximated to 20%, except for pattern E. However, more data from each pattern is necessary to make reliable conclusions and verification of present findings. The COV varies with the depth is illustrated in Fig.15 . It was observed that the COV is averagely about 25% at most of the depth levels. LWDCPTs, which, were conducted on 25 grid nodes bounded by e-3, d-3, e-4, and d-4 with in the area of pattern A as shown Fig.5 were analyzed to find the variability of cone resistance within close proximity. The statistical measure of the scatter is graphically presented in Fig.15 . The coefficient of variance is less than 20% through out the depth below 0.5 m. This implies that 15-20% COV must be taken into consideration, even if the LWDCPT is carried out at the same point.
It was observed that COV varies depending on the grid spaces within the area identified by pattern A as shown in Fig.15. Fig.16 shows the variability of COV with grid spaces at selected depths. It was observed that COV decreases when the depth increases from 0.1 m to 2.5 m except for 0.5 m. This indicates that the variability of materials decreases with the depth. In order to clearly observe the relationship of cone resistance and distance, geo-statistical analyses were conducted and are discussed later in this paper. , and  16 th October, 2005 immediately after the rainfall. The rainfall record in month of July is quite higher than that received in month of October as shown in Fig.17.  Fig.18 illustrates the cone resistance recorded at a fine day and LWDCPTs conducted on two consecutive instances after rainfall at c-10, and c-5 locations. It can be seen that the cone resistance decreases at rainy days due to loss of suction as a result of partially or fully saturation of soils. However, at some depth levels, the variation of cone resistance cannot be clearly observed and the reduction of cone resistance is not proportional to the amount of rainfall. This is due to the variability of penetration resistance (COV up to 20%) as described in the previous sub section. More data is required in a single grid point for better analysis of the reduction of cone resistance after the rainfall due to arisen of local variability even within close proximity.
GEOSTATISTICAL ANALYSIS OF SPATIAL VARIABILITY IN CONE RESISTANCE
Geo-statistics relies on both statistical and mathematical methods, which can be used to predict unknowns to a reasonable accuracy from the stochastic interpolation technique, which is based upon establishing autocorrelations between observation data 16),17), 18) . It is obvious that properties of sample points close together have less variation than points farther apart. This is the fundamental geographic principal used in geostatistics. To account for the distance relationship, the values of closer points are weighted more heavily than those further away. That is the weight of a value decreases as the distance increases from the prediction location.
(1) Semi-variograms
The basic statistical measure of geo-statistics is the semi-variogram, or semi-variance ( ) h γ , which describes the degree of spatial dependence between samples along a specific orientation 19),20) . Generally used semi-variograms for the kriging, one of the most used interpolation techniques, are the Spherical, Exponential, Linear, and Power Models. Table 1 summarizes the modeled semi-variograms.
The most widely used semi-variogram is the Spherical Model among the above-mentioned models for geotechnical analyses 21), 22) . An example of the Spherical model is shown in Fig.19 . The distance 'a' is defined as the range of influence, and is the distance at which the predictor becomes independent of one another. The value of (h) γ at which the graph level off, is denoted by C+C 0 and is known as the sill. The parameter C 0 is defined as the nugget effect and it mainly arises due to the measurement errors.
(2) Variability analyses and mathematical formulation Semi-variogram analyses were conducted on the q d data collected from 0.25 m grids to 5 m grids in several steps. Some data was kept for the verification of the results. To account the distance relationship for determination of q d in an unknown location, an empirical semi-variogram was developed using the pairs of observation data. 2D kriging was adopted for the current analysis of cone resistance data. Semi-variograms for the Spherical and the Power Models were calculated for six different values of depths: z=0.1ｍ, 0.5 m, 1.0 m.1.5 m, 2.0 m, and 2.5 m. The nugget effect was illuminated by making C 0 equal to zero in analyzing the data.
The value of q d at an unknown location of interest from the 'n' number of data can be written as,
where, *) (i d q is the cone resistance of prediction location, (12) The semi-variograms shown in Table 1 can be used for calculating the modeled semi-variance between each pair of locations. The measured semi-variance of i th and j th locations, ij h , can be calculated from the basic formula shown in Eq. (13) .
where, The solution to the minimization, constrained by un-biasedness, gives the kriging equations in a following matrix form: (14) where, ij denotes the modeled semi-variogram values between all pairs of observed q d values, ip denotes the modeled semi-variogram values based on the distance between the i th location and the prediction location, m (in the weight matrix) is an unknown constant, which arises due to the un-biasedness constraint and can be determined by the calculation process.
By solving Eq. (14), w i can be determined and the solution for unknown q d at location 'p' can be calculated from Eq.(11).
(3) Results and discussion
The analysis of all range of data collected from dense testing program conducted at Ikeno-ue, Gagara Mountain showed that the Spherical and the Power models are fitted semi-variograms for the representation of Masado profiles. Fig.20 demonstrates the Spherical and the Power models calculated for several depth intervals with corresponding relationships. It should be noted that the relationships given in Fig.20 for the Spherical models are valid until the range and thereafter a constant value know as sill. Parameters and of the Power models vary from 0.15 to 0.60 and 0.50 to 0.84 for all depths respectively. These parameters are found to be small at depth less than 1 m. The correlated distance known as 'range' of the Spherical models ranges from 11 m to 30 m.
It is shown that the correlated distance increases with the increase of depth except for z=2.5 m. The sill For the verification of proposed semi-variograms six data points of 0.25 m grid, which were not considered in developing semi-variogram models, were used for the prediction of cone resistance at several depth intervals. Weights, which are to be used in Eq.(11) for determination of q d , were calculated using eq.(14) from the rest of 19 data of 0.25 m grid. The predicted data were then compared with the measured data. Fig.21 demonstrates the observed and predicted soundings of I-3, I-5, III-4, IV-3, V-1, and V-5 locations of 0.25 m grid as shown in Fig.7(c) . It can be seen that the observed values are agreed with The outcomes of this analysis facilitate to determine the grid spaces in carrying out a typical site investigation in natural Masado slopes. The "range" in which the semi variance is independent of the distance can be considered as the grid space for carrying out future LWDCPTs. In addition, the findings can be used in slope stability analyses for the incorporation of spatial variance in determining the factor of safety.
CONCLUSIONS
This paper has examined the use of recently developed LWDCPT for applicability in determining the cone resistance in Masado slopes with special reference to spatial variability. The following conclusions were drawn from the study:
1.
It was found that use of newly developed LWDCPT is convenient due to its automatic recording to a greater accuracy of penetration resistance and simplicity in handling investigations of natural Masado slopes. 2.
Due to the low disturbance of LWDCPT in completing a typical site characterization, it was successfully applied to investigate the spatial variability of cone resistance at wide range of grid spaces. 3.
Six major patterns of cone resistance varying with the depth were identified in Masado profiles. Profiles identified by LWDCPT were agreed well with the local geological condition at the site. The proposed six patterns were successfully applied to classify the Masado profiles at different locations.
4.
A The scatter of the cone resistance at different grid spaces was quantitatively analyzed by means of COV. It was found that COV varies 0 % to 40 % for all range of data. 7.
The variance of cone resistance can be presented as 20% throughout the depths of Masado profiles at close proximity. This variance is almost similar in presenting typical geotechnical engineering parameters. 8.
Geo-statistics, and particularly the semi-variogram, has been shown to be a useful technique in predicating cone resistance of Masado profiles. 9.
The Spherical Model was found to be the best-fitted semi-variogram for the Masado profiles. The Power Model also showed reasonable agreement with the observed data. 10. The range of influence of Masado soils was found to be varying with the profile depth. The correlated distance varies from 11 m to 30 m with the depth increases from 0.1 m to 2.5 m. This gives an idea for determination of grid spaces in carrying out in-situ investigation of natural Masado slopes.
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